I. INTRODUCTION
Ferritic-martensitic (FM) stainless steels can be modelled as iron alloys with the principal alloying elements carbon and chromium. Specifically, if the iron is ferritic, i.e. is in the α-phase, then the main pure carbides occurring are cementite (Fe 3 C) and Cr 23 C 6 (see e.g. Ref. 1) . One important usage area for FM stainless steels is in the construction of nuclear applications, where the steels are subjected to e.g. neutron irradiation (see e.g. Refs. [2] [3] [4] [5] . Atoms can be kicked from their lattice sites by energetic neutrons, which leads to the formation of cascades. After the energy has been dissipated the local atomic environment generally exhibits a number of point defects, and possibly other extended defects. For a given atomic configuration and recoil energy the number of point defects may depend on the ambient temperature and other thermodynamic variables such as pressure.
The present literature on studies of cascades in iron containing carbides is very limited. Especially in the case of simulations the carbides studied have been based on W and Mo. 6 Many more studies have been carried out on the behavior of individual carbon atoms in iron, see e.g. Refs. [7] [8] [9] [10] [11] [12] . A recent study 13 using the same interatomic potential as in this work has been performed on carbides, but the focus was on the behavior of a passing dislocation.
In this study the effect of initial recoil energy and temperature on the defect production in model ferritic stainless steels containing carbides is investigated. Specifically, the material consists of ferrite (α-iron) into which spherical carbides cementite (Fe 3 C) and Cr 23 C 6 have been embedded. For comparison, cascades have also been investigated in cells containing only pure versions of the materials, i.e. ferrite, Fe 3 C and Cr 23 C 6 without any inclusions or other modifications. border lengths around 100 Å -were relaxed at 300 K and 0 GPa using the Berendsen thermostat and barostat. 15 For Fe the simulation cell was cubic, with an initial side length of 38a, a = 2.89 Å being the lattice parameter.
II. METHODS

A. Cascade simulations
In order to construct a ferrite cell containing an inclusion, the following procedure was followed. After relaxation of pure Fe a sphere of radius 20.5 Å was cut out to make room for an inclusion. The atom closest to the origin (0,0,0) -with position r of the cavity. This guarantees that the interface region is as uniform as possible in all directions. Each complete cell -Fe host with carbide inclusion -was carefully relaxed at 300 K and 0 GPa for 50 ps to prepare them for the cascade simulations.
The choice of the radial distance of about 20 Å for the inclusions is connected to the choice of recoil energies. The combinations used in this work provides results about cascades contained mostly inside the inclusions as well as cascades reaching somewhat outside them.
All molecular dynamics simulations were carried out using the code PARCAS. [16] [17] [18] [19] The interatomic potential is of type Analytical Bond-Order Potential (ABOP) 20 and has previously been used for studies of C, Cr, and carbides in ferrite. 13, [21] [22] [23] [24] For the present work each cell -either of pure material or of ferrite with an inclusion -was heated from 300 K to a given temperature T -400 K, 600 K, 800 K, or 1000 K -and relaxed to 0 GPa for 50 ps using the Berendsen methods. At the end of this preparatory phase there were five were used for all Cell types, recoil Energies, and Temperature events (CET). For all CETs a total of 50 cascades were simulated. With five cell types, five recoil energies E (100, 300, 500, 1000 and 3000 eV), four temperatures T (400, 600, 800, 1000 K), and 50 cascades per CET, a total of 5000 simulations were performed. The cells used for cascade simulations were periodic. Berendsen temperature control was applied in 6 Å thick regions at the borders of the cell (about equal to two ferrite lattice parameters), with a target temperature of T. No pressure control was used. Each cascade event used a maximum simulation time of 50 ps. Before starting a recoil simulation, the cell was shifted in all Cartesian directions (periodic boundary conditions were enforced) so that the initial recoil position was at the very center of the simulation cell. The actual recoiling atom was the metal atom (Fe or Cr) closest to this position. Electronic stopping by Ziegler et al., 25 obtained from the ZBL96 code developed in our laboratory, 26 was used on all atoms having an energy of 5 eV or more.
B. Analysis methods
A Wigner-Seitz 27 (WS) cell analysis was used to find vacancies (empty WS cells) and interstitials (WS cells containing two or more atoms) in the relaxed samples. The degree of clustering of the defects was also analyzed. Two point defects were considered to be clustered if they were separated by a distance r ≤ r c . The chosen value was r c = 3.4 Å, which is the maximum potential cutoff for all interactions between iron, chromium and carbon.
The fraction of defects of a certain type (vacancy or interstitial) which are located in a cluster of size N or larger is calculated as
where M is the number of defects in the largest cluster, N c (i) is the number of clusters containing i defects, and
is the total number of individual defects. If nothing else is specified, a value of N = 2 was used.
Defects were also analyzed for their distance to the carbide center. For each energy and temperature, the radial distances for defects in all cascade simulations were collected. The subsequent histograms display a yield density, defined as
where X is the defect type, r i is the radial distance to the center of shell i, N X (r i ) is the number of defects of type X inside shell i, N rec = 50 is the number of recoils (equals the number of cascades), and V shell (r i ) is the volume of the spherical shell centered on radial distance r i . In all cases a shell width of 5 Å was used.
III. RESULTS AND DISCUSSION
A. Antisites
The number N AS of antisites formed in the cascades is shown in Fig. 1 for pure cells and higher energies the relative increase with energy is larger for the pure cells than for the cells with inclusions. In general the numbers are lower for the pure cells than for the cells with inclusions. In addition, the numbers are generally lower for Cr 23 C 6 inclusions than the Fe 3 C ones. The radial distributions of antisites are shown in Fig. 3 for the pure cells and Fig. 4 for the cells with inclusions. In general the numbers are lower for the pure cells than for the cells with inclusions. For the pure cells the distributions are relatively smooth. For the highest recoil energy of 3 keV the distribution is clearly visible out to at least 30 Å at all temperatures. For the cells with inclusions there are very clear single peaks for all energies in the radial distribution at the two highest temperatures, with the peaks weakening or disappearing when the temperature and/or the recoil energy is lowered. However, for 1 and 3 keV there are always clear peaks close to 20 Å, even at the lowest temperature. The peaks occur at a radial distance somewhat smaller than the initial radius of 20 Å of the embedded inclusion.
Comparing the pure cells and the cells with inclusions it seems that the ferrite host inhibits defect formation outside the inclusions, restricting the cascade and cascade damage to the inclusion itself. If it did not the distributions would be smoother, as in the case for the pure cells. The restriction is not perfect, as witnessed by non-zero antisite distributions outside a radial distance of 20 Å corresponding to the initial radius of the inclusions. The restriction effect was verified by visual inspection of the cascade simulations.
B. Vacancies
The number N V of vacancies formed in the cascades is shown in Fig. 5 for pure cells and energies the relative increase with energy is larger for the pure cells than for the cells with inclusions.
In general the numbers are lower for the pure cells than the cells with inclusions. In addition, the numbers are generally lower for the Cr 23 C 6 inclusion than the Fe 3 C one. The number of interstitials equals the number of vacancies and is hence not shown. For pure Fe the number of vacancies is much smaller than for any of the cases with a carbide inclusion. The present result is consistent with previous simulation studies for pure Fe using mainly Embedded Atom Method (EAM) type potentials. [28] [29] [30] The radial distributions of vacancies are shown in Fig. 7 for the pure cells, and in Fig. 8 for the cells with inclusions. For the pure cells the vacancy distributions are generally smoothly decreasing with radial distance, as for the antisites.
For the cells with a carbide inclusion the radial vacancy distributions first decreases out to about 5 Å, then increases out to about 15 Å, and then decreases again. The intermediate increase does not occur for all cases, but seems to be favored for high recoil energies at all temperatures, and for low recoil energies if the temperature is around 600 K or higher. A similar behavior occurs for antisites, but the initial decrease for small radial distances is very weak or missing.
C. Interstitials
The radial distributions of interstitials are shown in Fig. 9 for the pure cells, and in Fig. 10 for the cells with inclusions. For pure Fe the interstitial distributions show peaks that are some distance from the core of the initial cascade, for all recoil energies when the temperature is 600 K and above. The distributions stretch further out than for vacancies, indicating that the interstitials are mainly located further out from the initial cascade core than the vacancies. For the pure carbides the interstitial distributions show no pronounced peaks.
For the cells with a carbide inclusion the radial interstitial distributions either decrease monotonically with radial distances, or first increase out to about 15 Å and then decrease. The qualitative radial behavior is closer to the antisites than the vacancies. The initial increase seen in the case of vacancies is now missing or much weaker than for the vacancies.
In other words, close to the center of the cascade there are more vacancies than interstitials -for all simulated cell types -which is consistent with the Brinkman picture of a cascade. 31 For the cells with inclusions there is a pile-up of defects at a radial distance slightly lower than the initial radius of the inclusion. This effect is of course not seen for the pure cells where there is no interface. Visual inspection of cascades suggests this pile-up is simply due to the fact that the bulk of the cascade is restricted to the inclusion and its inner interface.
This effect may or may not be present in real steels with carbide inclusions, due to the fact that in this study the interface berween carbide and ferrite was not optimized in detail. A careful energy optimization of the interface, possibly using long-time Monte Carlo simulations, followed by cascade simulations, would perhaps yield different results. 
D. Clustering of vacancies and interstitials
The fractions of vacancies and interstitials in clusters are shown in Fig. 11 for the pure cells and in Fig. 12 for the cells with inclusions. For pure Fe the values are smaller than for all the other cells. There is an overall increase with recoil energy, but the maximum fraction never goes over 0.4 (40%). The present result is consistent with previous simulation studies of pure Fe. [28] [29] [30] For pure carbide cells and the cells with inclusions the clustering fractions also increase with energy. In the latter cases the fraction reaches a plateau at the highest energies, where the fraction stabilizes at a value of 0.6 − 0.7.
For the cells with inclusions the clustering fraction increases faster with temperature for the lower recoil energies than for the higher ones, suggesting that the clustering at low energies is sensitive to temperature.
IV. CONCLUSIONS
Molecular dynamics simulations of bulk cascades have been carried out for ferrite cells containing Fe 3 C and Cr 23 C 6 inclusions, as well as cells consisting of pure ferrite, pure cementite (Fe 3 C), pure Cr 23 C 6 , as a function of recoil energy and temperature. The number of point defects, such as antisites, vacancies, and interstitials, their clustering fraction, as well as radial distributions, have been calculated for all cell types. Comparisons have been made between the pure cells and those with inclusions. The overall tendency is that the number of defects as well as the clustering fraction increases with energy and temperature. Radial distributions indicate that the interface between carbide and host restricts the cascade damage to the inclusion, as verified by visual inspection of cascade simulations. Peaks in the distributions appear at radial distances slightly smaller than the initial radius of the carbide inclusions. Larger number of defects are formed, mainly inside the inclusions, than in cells containing only a pure version of the carbide.
